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Introduction
Glutamate is the primary excitatory amino acid neurotransmitter in the mammalian brain. It plays an important role in both physiological and pathological mechanisms operating in the central nervous system (CNS). Glutamate released from nerve endings participates in signaling processes prior to being taken up from the synaptic cleft via a mechanism mediated mainly by glial transporters and to a lesser extent neuronal, excitatory amino acid transporters (EAATs) [10, 27] . The extracellular levels of glutamate must be tightly controlled because excessive accumulation of glutamate leads to overstimulation of glutamate receptors (GluRs) and subsequent cell damage by an excitotoxic mechanism [6, 8, 29] .
Excitotoxicity is implicated in the pathomechanism of a number of chronic neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis (ALS) [2, 7, 8, 28] . Although the pathology of each of these diseases is different, each involves overstimulation of GluRs (especially the N-methyl-D-aspartate receptor [NMDAR] subtype). Such overstimulation ultimately leads to injury of neurons by necrotic or apoptotic cell death [13, 32] . The pathomechanism of excitotoxicity also operates in multiple sclerosis (MS), wherein the immune system attacks the CNS. MS is characterized by infiltration of immune cells from peripheral circulation, loss of oligodendrocytes and the appearance of demyelinating areas (plaques) in the white matter of the spinal cord and brain. These disorders lead to axonal damage and disrupted neurotransmission [13, 17, 23] . The etiology of MS has not yet been established. Many pathological factors participate in the pathogenesis of MS, including proinflammatory cytokines, reactive oxygen species (ROS), matrix metalloproteinases, autoantibodies and cell-mediated cytotoxicity [13, 19] .
Enhancement of glutamate levels in cerebrospinal fluid and changes in the expression of metabotropic (mGluRs) and ionotropic (iGluRs) glutamate receptors have been observed in the inflammatory demyelination plaques in the brains of MS patients [12, 13] . Elevation of glutamate in brain was also observed in experimental autoimmune encephalomyelitis (EAE, the animal model of MS) pathology in rats [6] . The hypothesis concerning the involvement of excitotoxicity in pathogenesis of MS and EAE has been confirmed by the observation that anti-glutamatergic agents provide neuroprotection [28] . Our previous studies using EAE rats revealed that administration of amantadine or memantine (iGluR antagonists) reduces the severity of symptoms, inflammation and axonal damage in immunized animals [33] [34] [35] . This is a strong indication that glutamate, operating through its ionotropic receptors, plays a key role in the pathology of the disease. If we can gain an understanding of how myelin and oligodendrocytes are damaged by excitotoxicity, we will be able to develop therapeutic strategies to protect nerve axons against demyelination.
The myelin sheath is the predominant element of the white matter of the CNS, its function being to facilitate signal conduction in axons. Myelin is a highly specialized structure with a unique molecular composition and architecture. It is characterized by a high proportion of lipids (70-85%) and a low proportion of proteins (15-30%) [25] . It contains distinctive proteins such as proteolipid protein (PLP), myelin basic protein (MBP), 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase), myelin-associated glycoprotein (MAG) and myelin oligodendrocyte glycoprotein (MOG). PLP and MBP constitute the majority of the total myelin proteins (about 70%) [4, 25] . CNPase is a specific enzyme localized in the cytoplasm of non-compacted myelin. MOG is a transmembrane protein representing one of the main autoantigens in MS. MAG is a glycoprotein involved in the myelin-related inhibition of axonal regeneration. Each of these myelin-specific proteins plays an important role in the formation and maintenance of myelin membranes [4, 5, 31] .
The present study was undertaken to investigate whether the glutamate receptor antagonists amantadine and memantine (antagonists of NMDA receptors), LY 367384 (an antagonist of mGluR1) and MPEP (an mGluR5 antagonist) improve the condition of animals subjected to EAE and exert protective effects on mRNA expression of selected myelin proteins (PLP, MBP, MOG, MAG, and CNPase). Ultrastructural observations of myelin membranes in the acute phase of EAE and after treatment with GluR antagonists were also made using transmission electron microscopy (TEM).
Material and methods

Animal model
The study was carried out in strict accordance with the regulations of the Experiments on Animals Act (Act of 21 January 2005 on experiments on live animals, the Parliament of the Republic of Poland, Dz. U. Nr 33, pos. 289). All experiments using animals were approved by the Fourth Warsaw Local Ethics Committee for Animal Experimentation; permit number 61/2009. All procedures using animals were performed under sodium pentobarbital anesthesia to minimize suffering.
Female Lewis rats weighing approximately 200 g were used. To induce EAE, we immunized rats subcutaneously in both hind feet with 100 µl of inoculum containing guinea pig spinal cord homogenate emulsified in Freund's complete adjuvant (CFA) containing 5.5 mg/ml Mycobacterium tuberculosis H37Ra (Difco, Detroit, Mi, USA). The control group received inoculum containing CFA without spinal cord homogenate.
After immunization, the rats were provided with unrestricted access to food and water and were housed under environmentally controlled conditions. Body weight and neurological deficits were measured daily according to the following scale: 0 = no signs, 1 = flaccid tail, 2 = impairment of fighting reflex and/ or loss of muscle tone in hind limbs, 3 = complete paralysis of hind limbs, 4 = paraplegia, and 5 = moribund state/death [15, 26] .
Experimental groups and tissue processing
All experiments were performed during the acute phase of the disease at day 12 post immunization (d.p.i.). Six experimental groups of animals were defined: group I (control), group II (EAE), group III (EAE + amantadine), group IV (EAE + memantine), group V (EAE + LY 367385), and group VI (EAE + MPEP). During the experiments the part of rats in each experimental group (n = 12) were monitored until day 25 after the initial injection inducing EAE or after drug administration.
Glutamate receptor antagonists were dissolved in PBS and administered via intraperitoneal injection to the EAE rats once daily for 7 consecutive days, from 5 d.p.i. to 11 d.p.i., according to the previously described procedure [33] [34] [35] . Amantadine (Sigma-Aldrich, Steinheim, Germany) was administered at a dose of 100 mg/kg b.w./day, memantine (Sigma-Aldrich, Steinheim, Germany) was administered at a dose of 60 mg/kg b.w./day, and LY 367385 (Tocris, Bristol, UK) and MPEP (Tocris, Bristol, UK) were both administered at a dose of 10 mg/kg b.w./day. At 12 d.p.i. (in the acute, symptomatic phase of the disease, when the neurological deficits were maximal), eight rats were sacrificed in each experimental group for real-time PCR analysis. The brains were rapidly removed, frozen in liquid nitrogen and stored at -70°C for further analysis (extraction of RNA).
Determination of mRNA levels of myelin proteins by real time-PCR
Total RNA was extracted from the brain cortex of all six groups of rats according to the method of Chomczyński [9] using TRI Reagent (Sigma, St. Louis, MO, USA). Reverse transcription of 2 µg of total RNA was performed in a final volume of 20 µl using random primers and avian myeloblastosis virus (AMV) reverse transcriptase (Life Technologies, Forest City, CA, USA). The RT-PCR conditions were as follows: reverse transcription at 42ºC for 45 min and denaturation at 94ºC for 30 s. For quantitative real-time PCR analysis, TaqMan technology was applied. Rat myelin protein-specific primers for MOG Rn 00575354_m1, PLP Rn00456892_m1, MBP Rn01399619_m1, MAG Rn02586362, CNPase Rn01399463_m1 and the corresponding probes were obtained from Life Technologies (Forest City, CA, USA). The mRNA expression levels of myelin proteins and actin were determined using the pre-validated TaqMan assay reagents (Applied Biosystems, Forest City, CA, USA). Real-time PCR was conducted on an ABI Prism 7500 system using 5 µl of RT product, TaqMan PCR Master Mix, primers, and a TaqMan probe in a total volume of 20 µl. The PCR cycle conditions were as follows: initial denaturation at 95°C for 10 min, 50 cycles of 95°C for 15 s, and 60°C for 1 min. Each sample was analyzed in triplicate. The relative expression levels of the myelin protein mRNAs were calculated using a standard curve and normalized to actin.
Electron microscopic studies (TEM)
The analysis of ultrastructural changes in brain myelin was performed at 12 d.p.i. using five animals from each experimental group (control, EAE, EAE + amantadine, EAE + memantine, EAE + LY 368573, and EAE + MPEP). The animals were anaesthetized and perfused through the heart with fixative solution (2% paraformaldehyde, 2.5% glutaraldehyde, and 0.1 M cacodylate buffer, pH 7.4). After perfusion, small specimens from the forebrain were fixed overnight in the same solution and then post-fixed in 1.5% OsO 4 and 0.8% K 4 (FeCN) 6 for 2 h. Then the material, after dehydration in ethanol and propylene oxide, was embedded in Spurr resin. Ultrathin sections were examined using a JEM 1200 Ex electron microscope.
Statistical analysis
The results are expressed as means ± SD from 3-8 experiments as identified in the legends of respective figures. Statistical significance was assessed by one-way ANOVA. Dunnett's multiple comparison test was used to identify the changes deemed to be significantly different from the control values.
Results
The influence of glutamate receptor antagonists on the course of EAE The modulatory effects of glutamate receptor antagonists (amantadine, memantine, LY 367385, and MPEP) on the course of EAE, changes in body mass, duration of the disease, and inductive phase of EAE (characteristic parameters of the disease) were investigated. All studies were performed during the acute phase of EAE at 12 d.p.i., while the neurological deficits were maximal. We observed a 30% loss of body mass in EAE rats compared to the control animals. In groups treated with amantadine or memantine the loss of body mass was lower. We observed about a 20% decrease relative to the control, and about a 10% increase compared to EAE rats in body weight (Fig. 1A) . Neurological deficits during the course of EAE were classified daily according to a scale from 1+ to 5+ as described in the Mate rials and Methods section. After administration of either memantine or amantadine, we observed a reduction in duration of neurological deficits (Fig. 1B) and in the severity of the disease (lowering of the score) (Fig. 1C) compared with EAE rats. Paralysis of the tail and hind limbs, reduction of muscle tone and physical activity in experimental rats were exclusively observed. The maximal cumulative index (maxCI) value reached 4.5+ in EAE rats, whereas in the amantadine-and memantine-treated groups it was 2.5+ (Fig. 1C) . All rats in both of these groups exhibited improved physiological conditions relative to the untreated EAE animals. The duration of the inductive phase of the disease (Fig. 1D ) was lengthened by 1-2 days, whereas the total disease duration (Fig. 1B) was reduced by 2-4 days, relative to the untreated EAE rats. We did not observe any neuroprotective effects of LY 367385 or MPEP with respect to body mass, neurological deficits or duration of the disease. In these groups, all examined parameters were found to be statistically insignificant compared with the untreated EAE rats (Fig. 1A-D) . Analysis of the clinical parameters of the disease, as well as the effects of GluR antagonist administration on neurological deficits and the condition of the EAE rats during longer experiments (until 25 d.p.i.), are described and illustrated in detail in our previous papers [33] [34] [35] .
Influence of drug administration on expression of mRNA of myelin proteins in EAE rats
We investigated the mRNA levels of myelin-specific proteins: PLP and MBP (structural proteins); MOG and MAG (myelin glycoproteins); and the enzyme CNPase (a myelin marker). The analysis of mRNA was conducted in the forebrains of rats obtained from all experimental groups (control, EAE, and EAE treated with antagonists of glutamate receptors) by real-time PCR.
In the EAE rats, at the peak of the disease, we observed significantly lower levels of PLP and MBP mRNA, which reached about 70% and 60% of control values, respectively ( Fig. 2A-B) . In the groups treated with amantadine or memantine, the PLP mRNA level was found to be similar to that observed in the untreated EAE rats. Administration of LY 367385 (the mGluR1 antagonist) and MPEP (the mGluR5 antagonist) resulted in a further decrease of PLP mRNA, to 90% of the control value, and to 50% of the value observed in the untreated EAE rats (Fig. 2A) . The level of MBP mRNA was about 40% lower than that of the control but about 40% higher than that of the EAE rats in all groups treated with GluR antagonists (amantadine, memantine, LY 367385, and MPEP) (Fig. 2B) .
The analysis of expression of MOG and MAG mRNAs in EAE animals indicated a 60% and a 70% decrease, respectively, relative to the control value (Fig. 2C, 2D) . In groups treated with amantadine or memantine, the mRNA level of MOG was found to be similar to that of the untreated EAE rats, but in the LY 367385-or MPEP-treated rats the mRNA level increased to about 50% of that of the untreated EAE animals (Fig. 2C ). An increased level of MAG mRNA was also observed in all treated groups (Fig. 2D) . After administration of amantadine or memantine the level of MAG mRNA was found to be 20% higher, whereas in LY 367385-and MPEP-treated groups the MAG mRNA level was found to decrease by about 50-60% of the MAG mRNA level of the untreated EAE rats (Fig. 2D) . Our studies also revealed changes in the level of CNPase mRNA in all experimental groups compared with control animals. We observed a statistically significant decrease in the CNPase mRNA level, which reached 60-70% of the control value. Administration of all tested GluR antagonists resulted in a decrease in CNPase mRNA expression by 30% relative to the level of CNPase mRNA expression in untreated EAE rats (Fig. 2E ).
Electron microscopic analysis
TEM analysis was performed in forebrain specimens obtained from rat brains during the acute phase of EAE at 12 d.p.i. In control rats, the myelin exhibited normal lamellar ultrastructure characterized by ordered layers closely adhering to each other (Fig. 3A) . In large areas of untreated EAE rat brains (Fig. 3B) , as in brains of rats from all experimental groups treated with the GluR antagonists amantadine (Fig. 3C) , memantine (Fig. 3D ), LY 367385 (Fig. 3E) , and MPEP (Fig. 3F) , we observed visible changes in the myelin membranes. The characteristic compact myelin structure was essentially completely destroyed. Multilayered membranes of myelin sheaths were irregular and loosely arranged. Administration of GluR antagonists did not provide protective effects on the ultrastructure of myelin relative to the untreated EAE rats (Fig. 3B-F) .
Discussion
Recent studies have demonstrated that glutamate excitotoxicity is an important mechanism which is related to tissue injury in MS lesions [3, 6, 22, 38] . Any imbalance in glutamate homeostasis in MS, either by increased production, reduced transport or impaired metabolism, is likely to affect oligodendrocytes [38] and cells producing myelin sheaths that support electrical conduction in the CNS [25] .
The present study investigates whether administration of glutamate receptor antagonists to EAE rats may exert an effect on the development of neurological symptoms during EAE or improve the quality of myelin membranes at the biochemical level and the ultrastructural level. We tested two antagonists of NMDA receptors (amantadine and memantine), an antagonist of mGluR1 (LY 367384) and an antagonist of mGluR5 (MPEP) during the acute phase of EAE.
Reduction in the strength of neurological symptoms of EAE was observed only in animals treated with the NMDAR antagonists. Administration of either amantadine or memantine resulted in a reduction of both severity and duration of the neurological deficits. The duration of the inductive phase of the disease and the length of the disease were reduced by 2 and 4 days, respectively, relative
The influence of glutamatergic receptor antagonists on biochemical and ultrastructural changes in myelin membranes of rats subjected to experimental autoimmune encephalomyelitis to the untreated EAE rats. Rats treated with amantadine and memantine also generally retained better physiological conditions relative to the untreated EAE animals. Administration of LY 367385 or MPEP did not result in any improvement of the neurological parameters of EAE animals. Glutamatergic NMDA receptors play a vital role in maintaining normal synaptic transmission [6, 21] .
Specific prevention of the pathological activation of NMDA receptors with drugs such as memantine or amantadine reduces undesirable activity and thereby improves the neurological conditions of EAE rats. Amantadine and memantine have been previously found to be effective in different models of excitotoxic damage in both in vivo and in vitro experiments [1, 28, 36, 37] . It was also of interest to determine whether administration of GluR antagonists to EAE rats would simultaneously improve animals' condition and have a positive effect on the destroyed brain myelin. Myelin is a multilayered stack of thick membranes with alternating electron-dense and electron-light layers (the major dense line and the intraperiod line, respectively). These layers can be seen by electron microscopy [14] . We observed these layers in electron micrographs of control rat brain tissue (Fig. 3A) . This membrane is formed as an extension of the plasma membrane of oligodendrocytes in the CNS and provides the insulation required to facilitate rapid signal transmission between neurons [4] . Numerous electron microscopy studies have demonstrated degeneration of myelin sheaths in MS and EAE models [18, 20, 22] . Our observations of disturbed myelin ultrastructure are consistent with observations in these previous studies. In contrast to our expectations, none of the applied glutamate receptor antagonists were found to exert a protective effect on the myelin ultrastructure. Characteristics of myelin damage were similar in all of the treatment groups. We also observed focal detachment of the myelin lamellae and increased volumes of cytoplasm in the regions of mature compacted myelin.
Subsequently we investigated whether the antagonists of glutamate receptors (NMDA and mGluRs) may exert an effect on biochemical parameters of myelin during the acute phase of EAE. We analyzed the expression of all primary proteins, which include proteolipid protein, myelin basic protein, 2′,3′-cyclic nucleotide-3′-phosphohydrolase, myelinassociated glycoprotein, and myelin/oligodendrocyte glycoprotein. The results indicate that the expression of myelin proteins in all experimental groups is altered. The level of mRNA of each of the tested proteins was found to be reduced in EAE rats compared to the controls. However, treatment with the glutamate receptor antagonists was found to alter expression levels of the mRNAs. We observed an increase in the level of MBP mRNA in all of the therapeutic groups. These increases were in the range of 30%-50% relative to the untreated EAE rats. MBP is a major protein of CNS myelin, constituting as much as 30% of total protein and playing a pivotal role in myelin compaction. It also stabilizes the major dense line to facilitate the adhesion of the membrane layers [4, 31] . Conversely, we did not observe increased levels of PLP mRNA after administration of glutamate receptor antagonists. PLP is another major myelin constituent (about 50% of myelin proteins) whose role is to maintain separation between the layers of myelin membranes. Possibly as a result of its key role in maintaining myelin structure, the improvement was not visible in TEM, although the expression of MBP was found to increase simultaneously. Furthermore, we analyzed expression of 2′,3′-cyclic nucleotide-3′-phosphohydrolase (CNPase), an enzyme specifically expressed in myelin and located in oligodendrocytes, mainly around the nucleus and in the paranodal loops [31] . CNPase may have an additional enzymatic function unrelated to its hydrolase activity, for which no physiological substrate has been found. The protein exists in two splice variants and constitutes 3-4% of total myelin protein. In the case of CNPase mRNA level we did not observe protective efficacy of tested GluR antagonists. Administration of both NMDARs and mGluR antagonists caused a decrease in CNPase mRNA expression by about 30% relative to EAE rats.
Interestingly, mRNA expression levels of the glycoproteins MAG and MOG were found to be altered. MAG is a large (approximately 100 kDa) protein and is quantitatively a minor constituent, representing only 1% of the total myelin protein. This protein is located at the inner surface of the myelin sheath opposing the axon surface [16] . MOG is a transmembrane glycoprotein which constitutes 0.01-0.05% of total myelin proteins [4] and is located on the outer surface of the membrane of oligodendrocytes. This protein is widely used to induce EAE [30] . We observed that glutamate receptor antagonists modify the expression of both of these myelin glycoproteins. After treatment with amantadine or memantine, MOG mRNA levels were found to be similar to the levels expressed in EAE rats, whereas LY 367385 and MPEP resulted in increased expression of MOG mRNA relative to EAE rats. The levels of MAG mRNA were found to increase in all groups of animals treated with GluR antagonists. Although oligodendrocytes possess both NMDAR and mGluR classes of glutamatergic receptors [11, 24] , exclusively group I (mGluR G I) was shown to play an important role in regulation of MOG mRNA expression.
The results of our experiments confirm the involvement of glutamate in the pathology of EAE. Not all neurological symptoms and biochemical changes in the expression of basic myelin proteins were abolished, but some of the tested parameters
The influence of glutamatergic receptor antagonists on biochemical and ultrastructural changes in myelin membranes of rats subjected to experimental autoimmune encephalomyelitis showed statistically significant improvements after administration of glutamate receptor antagonists. Our previous studies demonstrated that glutamate excitotoxicity is one of the pathomechanisms implicated in the acute phase of EAE. Treatment of EAE rats with antagonists of both group I mGluRs (LY 367385 and MPEP) and NMDARs (amantadine and memantine) was found to modulate the expression of mRNA and proteins for both types of glutamate receptors, to decrease the expression of proinflammatory cytokines, to modulate glutamate transport (uptake and release) in nerve endings, and to reduce the levels of mRNA of glutamate transporters (EAATs) [34, 35] . The present study indicates that glutamate excitotoxicity is a crucial factor involved in the process of myelin destruction during EAE. This effect is a separate and distinct effect from neuroinflammation.
Conclusions
Antagonists of NMDARs exert a neuroprotective effect and inhibit neurological deficits in EAE rats. Both amantadine and memantine reduce the severity of neurological deficits, maximal score, and duration of disease. A neuroprotective effect was not observed after administration of group I mGluR antagonists (LY 367385 and MPEP). Neither the general condition of EAE rats nor the neurological deficits were improved.
Ultrastructural studies showed that in EAE rats the characteristic multilamellar structure of myelin is destroyed. We did not observe protective effects on the morphology of myelin membranes after administration of GluR antagonists. At the peak of the disease we observed a significant decrease in mRNA levels for each of the investigated myelin proteins (PLP, MBP, MOG, MAG, and CNPase) in EAE rats relative to the controls. The mRNA expression was found to be modified in EAE rats treated with the GluR antagonists. After treatment with each of the GluR antagonists, the expression levels of MBP mRNA and MAG mRNA were found to increase significantly, whereas the expression levels of CNPase mRNA were found to decrease relative to untreated EAE animals. After amantadine or memantine administration PLP mRNA and MAG mRNA expression levels were unchanged compared with untreated EAE rats. Administration of mGluR G I antagonists (LY 367385 and MPEP) was found to increase the mRNA expression levels of MAG glycoprotein, whereas the expression levels of PLP mRNA were found to decrease relative to the untreated EAE rats. Changes in mRNA expression of myelin proteins which are subsequently altered by administration of GluR antagonists may indicate participation of glutamate-mediated excitotoxicity in myelin degradation during the acute phase of EAE.
